Silicondiselenide is a semiconductor and exists as an insoluble polymer (SiSe 2 ) n which is prepared by reacting elemental silicon with selenium powder in the temperature range of 400-850 C. Herein, we report on the synthesis, isolation, and characterization of carbene stabilized molecular silicondiselenide in the form of (cAAC) 2 Si 2 Se 4 (3) [cAAC ¼ cyclic alkyl(amino)carbene]. 3 is synthesized via reaction of diatomic silicon(0) compound (cAAC) 2 Si 2 (2) with black selenium powder at À78 C to room temperature. The intensely orange colored compound 3 is soluble in polar organic solvents and stable at room temperature for a month under an inert atmosphere. 3 decomposes above 245 C. The molecular structure of 3 has been confirmed by X-ray single crystal diffraction. It is also characterized by UV-vis, IR, Raman spectroscopy and mass spectrometry. The stability, bonding, and electron density distributions of 3 have been studied by theoretical calculations.
Introduction
The synthesis of silicon diselenide (SiSe 2 ; A in Scheme 1) was rst reported by P. Sabatier in 1891.
1 Six decades later crystalline SiSe 2 was prepared by Weiss et al. 2 who reported the Bravais lattice of the crystal structure of SiSe 2 as body-centered orthorhombic. Structural analysis showed that it crystallizes in space group Ibam.
3a-b SiSe 2 has a unique crystalline structure which consists of innite nonintersecting chains of edge-sharing tetrahedra (A) as shown in Scheme 1.
3a-b The structural scenario of amorphous SiSe 2 is more complicated, 3c where the Si atoms are linked via intra-and inter-tetrahedral bonds connected by Se atoms. The predominant structural motif of amorphous SiSe 2 follows the sequence involving both corner-and edgesharing connections, 3c which are importantly more frequent than those constructed exclusively by edge-sharing Si atoms in crystalline SiSe 2 .
3a-b
Several modied synthesis routes have been developed in quest of the physical properties of SiSe 2 in a single phase. Large red rods of SiSe 2 have been grown for 4-7 days inside a quartz tube at 1000 C under high vacuum placed in a furnace. [4] [5] [6] They are highly moisture sensitive and undergo hydrolysis on the surface to produce silicon-and selenium dioxide. 4 The glass transition temperature and crystallization temperature of SiSe 2 are 460 and 610 C, respectively. 5 Further studies showed that SiSe 2 can exist as three different polymorphs depending upon the temperature (400-850 C) of preparation. 6 Crystalline SiSe 2 is considered to be a semiconductor 4,7a-b and has a huge potential to be used in solar cells.
7c
Aer the rst synthesis report of N-heterocyclic carbenes (NHCs) in 1991, they have been utilized as strong s-donating ligands in different areas of chemistry. 8 The mono-atomic and diatomic variants of silicon are stabilized by NHCs and cAACs in form of L:
9,10 Several variants of phosphorus are stabilized by NHCs and cAACs, respectively. However, monomeric or dimeric variants of SiSe 2 (B, C; Scheme 1) in the molecular form are even not reported by low temperature matrix-isolation. Herein, we report on the synthesis and characterization of carbene-stabilized (SiSe 2 ) 2 in the molecular form of (cAAC) 2 Si 2 Se 4 (3). The reaction employed cAAC-supported diatomic silicon(0) (cAAC) 2 Si 2 (2) which is reacted with black selenium powder in the temperature range of À78 C to rt (Scheme 2). Moreover, the stability and bonding of 3 are studied by theoretical calculations.
Result and discussion
Both cAAC and NHC form stable adducts with SiCl 4 .
9a,c The colorless adducts (cAAC) / SiCl 4 (1a, Me 2 -cAAC; 1b, Cy-cAAC) are obtained when cAACs react with SiCl 4 in 1 : 1 molar ratio in THF.
15a,9c The diatomic silicon(0) (cAAC) 2 Si 2 (2a-b) has been synthesized by complete dechlorination of 1 with four equiv of KC 8 in THF (see ESI †). 2a-b are isolated as dark black-purple needles from n-hexane solution (see ESI for details, Schemes S1-S2 †). The yield of 2a is 52% which is higher than that of red colored (NHC) 2 Si 2 (21%) 9a but comparable to that of 2b. Theoretical calculation showed that cAAC is more rmly bound to the Si 2 unit and thus 2 is even characterized by EI-mass spectrometry, 9c while its NHC analogue (NHC) 2 Si 2 is not. The latter species dissociates under such conditions and only free NHC is found in the mass spectrum. This is due to the weaker paccepting property 13 which makes NHC-containing compounds more labile. 29 Si resonances in 2b is not apparently understood. The temperature dependent X-ray single crystal studies revealed that both 2a and 2b crystallize in the triclinic P 1 space group. The center of inversion in between the two silicon atoms in 2b is absent at 100 K (see ESI †), but it is present at 23 K.
9c In comparison, the center of inversion in between the two silicon atoms in 2a is present even at 100 K (see ESI †). Structural comparison between 2a and 2b clearly shows that the carbene moieties are evenly disordered in 2a but not in 2b (Fig. S5-S8 †) . The combined solid state NMR and temperature dependent Xray structural correlation unambiguously clarify the acute differences of electronic environments of silicon atoms in 2a-b. Compound 2 is dissolved in THF to obtain a dark purple solution which is cooled to À78 C and passed into another ask containing black selenium powder (2 : Se ¼ 1 : 4 molar ratio). A light green color is obtained aer stirring the solution for ten minutes. The green color of the solution is becoming more intense when stirring is continued for twenty minutes. Then the mixture is stirred for 3 h to obtain a brown solution with unreacted selenium powder. Stirring is continued for another 2.5 h to produce a clear orange solution. The volume of the THF solution is reduced to 2 mL under vacuum. Finally, 3 mL of toluene are added and the orange solution is stored at À32 C in a freezer to form small orange blocks/needles of 3 in /n and possesses a center of inversion within the molecule. The asymmetric unit of 3a contains the (Me 2 -cAAC)SiSe 2 fragment. The complete molecular structure of 3a generated from applying inversion symmetry is shown in Fig. 1 .
The Se]Si(m-Se) 2 Si]Se unit (alike C shown in Scheme 1) is coordinated by two Me 2 -cAAC ligands. Both silicon atoms adopt a four coordinate distorted tetrahedral geometry. The C cAAC -Si bond length of 3a is 1.931 (4)Å which is close to that in 1a (1.944 (2)Å) 15a but larger than that in 2a (1.887(4)Å) (Table S1 †). This suggests that the bond between carbene carbon and silicon is a donor bond (C cAAC / Si) (Scheme 3), rather than a donoracceptor partial double bond 9c in 2a as illustrated in Scheme 2. The Si1-Se1 and Si1-Se2 bond distances of 3a are 2.2874(10)/ 2.3046(10), and 2.1510(10)Å, respectively, suggesting single bond (Si1-Se1, Si1-Se1 0 ) and double bond (Si1]Se2) character (Scheme 3). 14 The Si1-Se1/Se1 0 bond distances are close to the values reported for (SiSe 2 ) n (A) (2.275Å). The Se-Si-Se bond angle in Si 2 Se 2 four membered ring of 3a is 96.55(4) which is sharper (by $3.5 ) than that of A (100.0 (1) ). 3b This might be due to the coordination of Me 2 -cAAC to each silicon atom. The Si 2 Se 4 core of compound 3a is structurally similar to that of (NHC) 2 Si 2 O 4 compound reported by Robinson et al. 12a The silicon-silicon bond distance is 3.056Å in 3a while that of (NHC) 2 Si 2 O 4 is 2.3980(11)Å which is due to the larger size of the selenium atoms.
We have performed DFT calculations to illustrate the electronic structure and bonding scenario of 3a (refer Computational Details in ESI †). The optimized geometry of 3a at the M06-2X/SVP level shows a strong resemblance with the X-ray Scheme 3 Resonance structures of compound 3. crystal structure of 3a ( Fig. 1 and S14 †) . The electronic structure and bonding features of 3a are illustrated using NBO analysis as implemented in Gaussian09. The calculations reveal that C1 is connected to Si1 by a single bond with electron occupancy of 1.94701 e which is primarily located on the C1 (77%) center. The N1-C1 bond in 3a is signicantly shorter (1.309Å) than in 2a (1.343Å) due to the strong p-bonding interaction to disrupt C1)Si1 back donation. This nding also reveals that the C1 is bound to the Si1 as a singlet carbene donor (C1/Si). On the other hand Si1 also binds to Se2 by a single bond and Se contains three lone pairs. But the Si1-Se2 bond length is 2.15Å which is signicantly shorter than the single bond length (2.28 A and 2.07Å in H 3 Si-SeH and H 2 Si]Se, respectively). It is surprising to see that the lone pair occupancies on the Se2 are 1.960, 1.713, and 1.717 e, respectively. The lowering in occupancy of the last two lone pairs can be envisaged as some sort of donor-acceptor type interaction with the Si1 atom, in turn making the bond shorter (Scheme 3). Topological and topographical analyses are also performed for further illustration of the bonding features in 3a using QTAIM (Quantum Theory of Atoms in Molecules) calculations (see computational details in ESI †).
The electron density, r(r), at the (3,À1) bond critical points (BCPs) of C1-Si1 (0.095) and Si1-Se2 (0.104) bonds along with the respective Laplacian [V 2 r(r); +0.240 and +0.051] indicate closed-shell interaction i.e., donor-acceptor bond (Table S9 †) . This is further supported by 2D Laplacian plot of (3,À3) critical points (Fig. 2, bottom) . The Delocalization Index (DI) value of C1-Si1 (0.43) is lower than for an ordinary C-Si bond in H 3 CSiH 3 (0.55), indicating the presence of weak C1-Si1 donor type bonding. In case of the Si1-Se2 bond the DI value donor (0.6; Si1/Se2) is close to that of the Si-Se single bond (0.58) in H 3 SiSeH in accordance with the NBO results discussed above. The real bonding in 3 is a combination of two resonating structures as shown in Scheme 3. In contrast the lower but positive value of Laplacian (+0.051) indicates closed-shell binding nature to lesser extent. We presume that the more electronegative Se is reluctant to share its lone pairs to the adjacent Si center in turn contributing towards equal sharing between the partners.
Conclusions
We have shown that carbene coordinated diatomic silicon(0) species (cAAC) 2 Si 2 (2a-b) can react with black selenium powder in a 1 : 4 molar ratio in THF at À78 C to rt to produce molecular compound (cAAC) 2 Si 2 Se 4 (3a-b). Orange powders of 3a-b are stable under an inert atmosphere for nearly a month and decompose above 245 C. Dark orange crystals of 3a-b retain their colors in air for a week. They are soluble in polar organic solvents, such as THF, while partially soluble in toluene and nhexane. The molecular structure of 3a was conrmed by X-ray single crystal diffraction and EI-mass spectrometry (Fig. 3) . A comparison between the bond parameters of 2a and 3a unambiguously led to the conclusion that the Si 2 (0) unit in 2a is stabilized by a donor acceptor type bond between 2cAAC and (0) Si]Si(0), while its derivative Si 2 Se 4 of 3a has been prevented from undergoing polymerization by strong s-donation of the cAAC molecules (Schemes 2 and 3). The bonding and stability of 3a have been further studied by theoretical calculations. To the best of our knowledge, this is the rst report on a neutral ligandstabilized molecular Si 2 Se 4 species. This journal is © The Royal Society of Chemistry 2015
